bp) was obtained from a series of overlapping cDNA, 3' rapid amplification of cDNA ends (RACE), and genomic clones. Primer extension analysis predicted the existence of multiple transcription start sites, ranging from 26 t o 117 bp upstream of the 5' proximal ATG of the open reading frame. The predicted =-amino acid, Mpg-l -encoded protein has potential glycosylation and phosphorylation sites in addition t o a signal sequence. The core protein is predicted t o have a molecular weight of 71 t o 74 kD. Computer-assisted local similarity searches indicate that Mpg-l is a novel gene that may share a distant ancestry t o perforin, a lytic protein found in cytotoxic T lymphocytes and natural killer cells. 0 1995 by The American Sociefy of Hematology.
lation studies in murine myelomonocytic differentiation, IAPs are unique to rodents; thus, the finding has limited application to the human system.
Here we report the isolation and characterization of a novel myelomonocytic gene that was identified by differential screening of a murine peritoneal-derived macrophage cDNA library. Murine myelomonocytic cell lines representing relative immature and mature stages of differentiation were used to identify and isolate genes preferentially expressed in mature macrophages. One of the clones isolated, termed Mpg-1 (macrophage gene-l), shows lineage-restricted expression, is upregulated during macrophage differentiation, and should be useful as a marker for terminal myelomonocytic differentiation in both murine and human cells. The Mpg-l sequence encodes a novel protein that has localized homology to perforin, a lytic protein of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells. macrophages were isolated from 2-month-old Balb/c mice. The spleen was gently teased apart in PBS, and the cells were forced through a coarse mesh sieve followed by a fine mesh sieve until a single-cell suspension was obtained. The cells were washed and plated in MCM, and the nonadherent cells were washed off after 2 hours. Spleen-derived macrophages were harvested 24 hours later. Murine liver Kupffer cells were isolated as described." Briefly, the liver was perfused with collagenase, and the cells were dissociated through a fine mesh sieve. The cells were suspended in PBS and then separated on a preformed continuous Percoll gradient (1.03 to 1.1 10 g/mL). The Kupffer cell-enriched band at 1.04 to 1.06 g/ mL was removed and harvested for RNA. Human peripheral blood monocytes were obtained by venipuncture and purified on a Percoll (Pharmacia) gradient as described previously." Nonadherent cells were removed by washing, and monocytes were harvested for RNA 3 hours after seeding. Human peritoneal macrophages were obtained from the lavage fluid of patients undergoing dialysis for renal failure. Cells were collected by centrifugation and plated out in MCM supplemented with 10% 5637-CM (a gift from R. Bradley, Peter MacCallum Cancer Research Institute, Melbourne, Australia). Nonadherent cells were removed by washing after 3 hours, and the macrophages were cultured for an additional 2 days.
Isolation and characterization of cDNA and genomic clones. Macrophage-specific cDNAs were isolated from a Xgtl 1 cDNA library constructed from linoleic acid-elicited peritoneal macrophages from ICR strain mice (Clontech Laboratories, Palo Alto, CA). The cDNA library was differentially screened according to standard procedures" with 32P-dCTP-labeled cDNA that had been reverse-transcribed using mRNA isolated from the myeloblastic cell line MI and the macrophage-like cell line J774A. 1. cDNA clones that were preferentially expressed in the more mature cell line underwent two further rounds of screening with 3ZP-dCTP-labeled M1 and macrophage cDNA. Clones exhibiting reproducible differential expression were subcloned into pGEM3Zf(-) (Promega, Madison, WI), and the nucleotide sequence was determined. The original cDNA clone of Mpg-l obtained from the library, termed D25, was labeled with "P-dCTP and used to rescreen the macrophage cDNA library. In total, a series of seven Mpg-l -specific overlapping clones (Jl, J3, 7A, SA, B21.1, B21.3, and the initial D25) were obtained by 5' clone walking. To obtain the most 3' cDNA sequence of Mpg-l, 3' rapid amplification of cDNA ends (RACE)23 was used. An upstream Mpg-l -specific primer at nucleotide position 3 13 1-3154 (TITCAC-G'ITCATGTGTCAAAAATG) and the TI7 adaptor primer (GAC-T C G A G T C G A C A T C T G T ) described elsewherez3 were used to generate the Mpg-l -specific 3'RACE product, which was cloned and sequenced. Genomic clones of Mpg-l were obtained by screening a murine liver genomic library constructed in EMBL3 sP61T7 (Clontech) with a 3zP-dCTP random primed 5' EcoRVHindII fragment of Mpg-l cDNA clone J1. Primer extension analysis was performed according to standard procedure^.'^ Oligonucleotide primers 504 [corresponding to cDNA sequence 5'-CTT-GCATA'MTGAAATCCAGTGGTACCCG'MTCTC-3' (207-242)] and 619 [corresponding to genomic sequence 5"TATTATCAT-CCAGATGAGGACCAAGGCCATGAAGC-3' (145-180)] were end-labeled and hybridized to 10 pg of total RNA. The extension products were analyzed under denaturing conditions by using 6% polyacrylamide gel electrophoresis.
Sequence analysis. Nucleotide sequence was determined by the dideoxy chain termination method using Sequenase (US Biochemicals, Cleveland, OH) on double-stranded plasmid DNA, as recommended by the manufacturer. Oligonucleotide primers were synthesized on an Applied Biosystems 380B DNA synthesizer (Foster City, CA). Sequence analysis was performed using the IBI Macvector sequence analysis package (IBI, New Haven, CT). Local similarity analysis was performed on GenBank, EMBL, PIR, and SwissProt databases using FASTAZ5 and BLASTz6 algorithms. Statistical evaluation of similarity scores was performed using the RDF2 pr~gram.'~ Protein motif subsequence analysis was performed on the PRO-SITE" and the BLOCKS database" using MacPattem oftw ware.'^ The murine Mpg-1 cDNA sequence has been entered into GenBank under accession number L20315, and the partial human Mpg-l sequence, under accession number L20314.
RNA and genomic DNA analysis. Total RNA from cell lines, primary cells, and tissues was harvested by the guanidine isothiocyanate method3' and purified by ultracentrifugation through a CsTFA (Pharmacia) cushion. Total RNA (10 pg) was fractionated by electrophoresis through 1% agarose/formaldehyde gels followed by Northem blot transfer to Hybond N (Amersham, Little Chalfont, Buckinghamshire, UK) and was then fixed by ultraviolet crosslinking. Visualization by ethidium bromide before transfer and probing with a 32P-labeled oligonucleotide complementary to 18s ribosomal RNA were used to evaluate the integrity and uniformity of RNA loading.
Cytoplasmic RNA was harvested from 5 X IO9 cells and dot-blotted in twofold serial dilutions onto Hybond N using a 96-well minifold apparatus (Schleicher and Schuell, Dassel, Germany), as described by the manufacturer, and fixed by ultraviolet crosslinking. Genomic DNA was extracted from cells according to the low salt method, as de~cribed.~' Murine lysozyme (clone G27 isolated as a macrophagespecific clone during the library screening), Mpg-l clones (D25, J1, 53, 8A, and 7A), and human lysozyme (pHL 14-23, donated by Dr W. Spevak, Vienna, Austria) fragments were labeled by a Gigaprime labeling kit (Bresatec, Adelaide, Australia). Oligonucleotides were labeled by 5' terminal kination (Bresatec). Hybridization of RNA blots was performed in 50% formamide, 5X standard sodium citrate (SSC), 20 mmoVL HEPES, 5X Denhardt's, 0.1% sodium dodecyl sulfate (SDS), 100 pg/mL yeast tRNA, and 100 pg/mL salmon sperm DNA at 42°C. DNA blots were hybridized as for RNA blots without formamide at 65°C. Blots were washed to a final stringency of 0.1% SDS, 0.1X SSC at 42°C. and hybridization signals were detected using Fuji (Minamiashigara, Kanagawa, Japan) NIF-RX and Eastman-Kodak X-OMAT (Rochester, NY) film. Densitometry was performed on an ImageQuant densitometer (Molecular Dynamics, Sunnyvale, CA).
Analysis of the human Mpg-I homologue. Oligonucleotide primers corresponding to a 5' section of the open reading frame of the murine gene sequence were used to generate a human polymerase chain reaction (PCR) product from human placental DNA (Stratagene, La Jolla, CA). The nucleotide sequence of the upstream primer was 5'-GCAAGAATGCCCTGAAACTA-3' (238-257), and the downstream primer was 5'-GATCCGGTITC'ITACCTGAA-3' (586-605). The resulting 368-bp human PCR product was bluntended and cloned into pGEM4Z (Promega) for nucleotide sequence characterization and probe radiolabeling.
RESULTS

Isolation of differentially expressed cDNA clones.
A murine peritoneal-derived macrophage cDNA library was differentially screened with cDNA made to RNA from the immature myeloblastic cell line M132 and the more mature macrophage-like cell line J774A. 1 . 33 Clones that preferentially hybridized to J774A.1 or that did not hybridize to either cDNA pool were selected as being more likely to be expressed in mature macrophages. Two further rounds of screening with cDNA from M1 cells and peritoneal-derived macrophages confirmed differential levels of expression. Many of the cDNA clones isolated by these criteria were identified as known macrophage gene products, including lysozyme,' apolipoprotein E, 34 and One of the hematopoietic progenitor cells were obtained from fetal livers and induced to differentiate into macrophages using CSF-I . The percentage of macrophages was determined by morphology. As the progenitor cells differentiated into macrophages, the expression of Mpg-l was found to increase (Fig I B) . This appeared to be coincident with the detection of lysozyme gene expression over the same differentiation time course (Fig IB) . Lineage specificity of Mpg-I was also examined. Expression of Mpg-I in a variety of murine tissues was found to be negative except for a weak signal seen in bone marrow RNA (Fig 2A) . Mpg-l expression was also examined in a wide variety of nonmyelomonocytic cell lines (Table I ). All cell lines examined were negative for Mpg-I except for weak expression in the rat hepatoma cell line MHICl. Densitometric evaluation indicated that Mpg-l expression in this cell line was 200 times less than that seen in peritoneal-derived macrophages. To determine whether Mpg-I is expressed in other monocyte-derived cells. spleen macrophages and liver Kupffer cells were enriched from the relevant tissues. Strong expression of Mpg-I was observed in spleen macrophages, similar to that seen in peritoneal macrophages (Fig 2B) . The corresponding Mpg-l expression in the Kupffer cell enriched population was much less; however, the degree of punty of this enriched population was not determined.
Determination of the full-length murine Mpg-l cDNA sequence. The original Mpg-I -related clone ( D 2 3 comprising 740 bp was used to rescreen the macrophage cDNA library to obtain the full-length cDNA sequence. By using the S' portions of the subsequently isolated clones in a step- wise fashion, seven overlapping clones corresponding to most of the cDNA sequence were identified (J 1,J3, 8A. 7A. B21. I , B21 3 , and D25; Fig 3) . Ten nucleotide differences scattered over 1.500 bp were observed between the DNA sequence of clone 8A and clones D25, B2. and 7A in the 3' untranslated region (UTR), although all clones had identical nucleotide sequence over the open reading frame (ORF) region. No poly(A) tail. polyadenylation signal, or proximal in-frame ATG start codon were identified. implying that sequence at both the S' and 3' ends remained to be isolated. To obtain the missing nucleotides at the 3' end of Mpg-l 3' RACE was used and identified 25 extra nucleotides, with both a polyadenylation signal and site. Attempts to obtain further S' sequence by rescreening the cDNA library were unsuccessful, so the remaining S' cDNA sequence of Mpg-I was determined from the genomic sequence. A genomic clone El was obtained by screening a murine genomic library with the S' EcoRIIHindlI fragment of Mpg-l clone JI (Fig 3) and was mapped by restriction analysis. A 4-kb BamHIIXho I fragment of El was identified by hybridization to Mpg-l oligonucleotide 488 (Fig 3) and was subsequently subcloned and partially sequenced. Based on this genomic sequence. an additional 66 nucleotides were added to the 5' end of the Mpg-I cDNA sequence to identify a S' proximal ATG in frame with the large ORF (Fig 4) . To confirm that the BamHIIXho I fragment of El represented a S' portion of the Mpg-l gene, the fragment was also sequenced in the 3' direction to obtain an overlap of 1,500 bp between the cDNA and genomic sequence. Primer extension analysis identified multiple transcription start sites for Mpg-l in macrophage RNA (Fig S) . An oligonucleotide primer (619) complementary to sequence obtained from the Mpg-l genomic clone was used in addition to an oligonucleotide primer (SW) complementary to Mpg-I cDNA (Fig 3) . These primers were separated from each other by 63 nucleotides. This offset was maintained between the corresponding extension products generated by these two primers (Fig S) . The putative transcription start sites range from approximately 26 bp to 1 17 bp upstream from the S' proximal ATG. The fact that the oligonucleotide derived from genomic DNA sequence generates primer extension products that correlated with the cDNA primer confirms that the genomic clone sequence corresponds to exon sequence. The Mpg-l sequence compiled from the results of these experiments is shown in Fig 4. Characteristics of the predicted Mpg-I protein. The ORF of the Mpg-l cDNA sequence can be translated into a 669-amino acid sequence that is predicted to encode a 74-kD core protein. However, based on ATG consensus sequence, the 5' proximal ATG is a weak translation start, as opposed to the second in-frame ATG. Based on a compilation of 699 mRNAs, a consensus sequence of GCC(A/ G ) C C E G has been established for translation initiation sites.3h The 5' proximal ATG has a T at -3 and -1, whereas the second ATG fits the consensus sequence around nucleotide positions -4, -3, -2, and -1 from ATG (Fig 4) . Hydrophilicity profiles using the Kyte-Doolittle scale identified a region of hydrophobicity at the amino terminus of the Mpg-1 protein suggestive of a signal peptide. A potential cleavage site was identified on the basis of the "-3, -1 " d e " between residues 26 (alanine) and 27 (aspartic acid). This would reduce the predicted molecular weight of the core protein to 7 1 k D . The Mpg-1 protein sequence was analyzed against the PROSITE pattern database, which identified matches with 21 phosphorylation, 6 Asn-glycosylation, and N-myristylation consensus sequence sites. The Mpg-1 -encoded protein is relatively threonine-rich when compared with the average protein: 9% of Mpg-l is comprised of threonine while the global average percentage of threonine residues for eukaryotic, vertebrate, and human proteins is 5.8%, 5.6%, and 6.1%, respectively.3K The Mpg-I protein also has a distinctive distribution of cysteine residues: 17 of the total 22 cysteine residues occur in the carboxy half of the protein between residues 357 and 656, leaving amino acid residues 187 through 356 cysteine-free (Fig 3) .
Local similarity searches with Mpg-I. The Mpg-l protein sequence was searched against GenBank, EMBL, PIR. NCBI, and SwissProt databases using FASTA and BLAST analyses. The top scoring similarities detected using the FASTA algorithms were statistically evaluated using the program RDF2.25 This program statistically evaluates whether two proteins are similar due to a local biased amino acid composition. This is calculated numerically as a z value by comparing the alignment score of the two proteins with the alignment score of the same two proteins but with the amino acids of the test sequence locally shuffled. The greater the difference between the shuffled and unshuffled scores, the more likely two sequences are related. The chance of a common ancestry between murine or human perforin and Mpg-I was found to be statistically significant with z values of' 8.13 and 9.18, respectively, although neither was the top scoring result from the FASTA database search. The other top scoring similarities from the FASTA database search did not achieve z values greater than 6 using RDF2, which is required for a good level of c~n f i d e n c e .~~ Murine perforin was also detected in the databases using the BLAST algorithm, and the same region of similarity was the highest score in the BLOCKS database, which identities functional domains of recognized protein families.
Perforin is a lytic protein strongly implicated in at least one of the pathways of T cell-mediated cytotoxicity."' It is a member of the pore-forming protein family, which also includes the membrane attack complex (MAC). Sequence alignment shows that Mpg-l exhibits 27.3% amino acid identity with murine perforin over an 88-amino acid stretch. The region of similarity between the two proteins corresponds to a region of perforin that has been predicted to form two antiparallel amphipathic helices involved in insertion into the lipid bilayer4' (Fig 6A) . It is interesting to note that the regions of similarity between the Mpg-1 -encoded protein and perforin correspond to nearly identical positions relative to the amino terminus of the proteins. Other members of the MAC family, complement components C7, CS. CSb, and C9, did not show a statistically significant relationship with Mpg-l by FASTA, BLAST, or a protein profile analysis (M. Peitsch, personal communication, January 1994). Mpg-l lacks the Leu-Pro sequence that is believed to be necessary for the pore function of the pore-forming proteins, although an a-helix formation is still possible over this region.4z It is interesting that Mpg-l has cysteine-rich carboxy and amino termini, as do CSa, CSb, and C9."
The human Mpg-l gene and its expression. Southern blot analysis determined that the Mpg-l gene is also present in human and rat genomic DNA (data not shown). A human Mpg-1 fragment was generated from human placental DNA by PCR using oligonucleotides complementary to a part of the murine Mpg-l ORF DNA sequence. This resulted in a 368-bp PCR product that was identical in size to the corresponding murine cDNA sequence and did not contain intronic sequence. The human and murine Mpg-l protein sequences were found to be well conserved over the 108-amino acid portion of human Mpg-l identified thus far. Of the 14 amino acid changes noted, all but two were conservative changes (Fig 6B) . Using this subcloned human Mpg-I fragment, we were able to detect Mpg-I expression in human peritoneal-derived macrophages and peripheral blood monocytes (Fig 7) . However. Mpg-l expression could not be detected in the human promyelocytic cell line HL-60, either in the uninduced state or when induced to differentiate into either macrophage-like cells with 12-0-tetradecanoylphorbol-13-acetate (TPA)" or into granulocytes with dimethyl sulfoxide (DMSO)" (data not shown).
DISCUSSION
Mpg-l appears to be a useful marker for the terminal stages of myelomonocytic cell differentiation as strong lineage-and differentiation stage-specific expression were shown. This was particularly apparent in murine peritonealderived macrophages and was confirmed in other monocytederived macrophages in the spleen and liver. Indeed, Mpg-I may be a useful marker for detecting all mature myelomonocytic cells. It will be of interest to determine by in situ hybridization whether Mpg-l is expressed in related cell types, for example. microglia or osteoclasts.
Murine myelomonocytic cell lines showed a pattern of expression in which the level of Mpg-1 expression generally correlated with the degree of maturity of the cells. A transcript was observed in the mature macrophage-like cell lines IC-21. P388D,, and J774A.1 but not in the less mature cell lines WEHI-3, WEHI-3B. 416B. and PUS-l. Moderate Mpg-1 expression in the myeloblastic cell line M I was an exception to this correlation. There are at least two possible explanations for this. First, MI cells could abnormally express Mpg-I without any relationship to the differentiation state of the cell. Other cell lines have been shown to have abnormal expression of certain genes, for example. plasminogen activator inhibitor 2 expression in THP cells4" and WEHI-3B cells, which have unusual expression of interleukin-3 (IL-3) and homeobox genes.'" Second, MI cells, although originally described as myeloblastic,3' may have a predisposition towards macrophage differentiation and may not be as immature as the other bipotential cell lines tested. This is suggested by studies showing that uninduced M I cells constitutively express the macrophage transcription factor c y y -1, whereas other relatively immature cell lines (HL-60 and U-937) do not.' In general, any observations made in leukemic cell lines need to be interpreted with caution and evaluated against normal hematopoietic counterparts.
The use of fetal liver hematopoietic cells as a source of normal differentiating myelomonocytic cells provides further confirmation that Mpg-I is differentially expressed in mature macrophages. Coincident with more of the cells differentiating into macrophages is a higher overall level of Mpg-I expression. Mpg-I expression is also found in human mature macrophages and peripheral blood monocytes. although expression could not be detected in HL-60 cells induced to differentiate into macrophage-like cells or granulocytes. It is noteworthy that the differentiation profile of
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HL-60 cells has been shown previously to be abnormal, in that lactoferrin expression in differentiated cells is absent.' Alternatively, the Mpg-l transcript may be only specifically expressed at a later stage of differentiation in human cells than that attainable by HL-60 cell differentiation.
Thus far, the only exception to the indicated lineage specificity was the very weak expression of Mpg-l in the rat hepatoma cell line MHICl, at levels 200 times less than that found in peritoneal-derived macrophages. Like macrophages, the MHICl cell line is known to express genes for complement components,"* and it may be that normal hepatocytes express low levels of Mpg-l. It is also possible that this cell line abnormally expresses Mpg-l. Expression in normal hepatocytes remains to be examined. It is relevant, however, that Mpg-l expression was not detected in whole liver RNA under similar conditions. Since this expression is considerably less than that seen in macrophages, such low level expression by hepatocytes, if real, is not likely to preclude the use of Mpg-l as a mature myelomonocytic cell marker.
The Mpg-l cDNA sequence was assembled from a series of overlapping clones. Primer extension showed that Mpg- 1 has several different potential transcription start sites. Although this is more typical of ubiquitously expressed genes, some tissue-specific genes, such as the leukocyte integrin 0-subunit (CD18),49 leukocyte integrin C D l l b subunit," the human CD34 gene,5' and c -f i~, '~ can initiate transcription from multiple start sites. This may explain the presence of some of the shorter Mpg-l transcripts observed after long autoradiography, although alternative splicing could also account for these shorter transcripts. Further investigation of the Mpg-l promoter and its genomic structure will allow this to be determined and may provide a means of investigating the regulation of lineage-specific and differentiation-related gene expression.
Local similarity analysis indicates that a portion of Mpg-1 shares sequence similarity with perforin, a pore-forming protein found in CTLs and NK cells. Perforin is believed to bind to the surface of target cells and insert into the plasma membrane, where it polymerizes into pores of up to 20 nm in diameter, thereby leading to lysis of the target The region of similarity between perforin and the Mpg-l protein corresponds to the putative 0-helical domain that has been postulated to form two antiparallel amphipathic helices that Primer extension analysis of M p g l . Four extension products correlating between both oligonucleotide primers 504 and 619 are indicated by arrowheads (the shortest transcript generated by primer 619 corresponding to that of primer 504 is out of the range of the figure). Any primer extension products common t o both control and macrophage RNA were considered nonspecific. The putative transcription start sites determined by the sizes of these products are indicated in Fig 4. NIH/3T3 RNA and tRNA were used as negative controls. The size of the generated products was estimated by the sequencing ladder. Total RNA ( l 0 p g j was used for each primer extension reaction. insert into the membrane to form pores."' Perforin and the MAC proteins, particularly complement protein C9, share significant amino acid identity over the pore-forming region." In addition, an epidermal growth factor (EGF)-type, class B cysteine-rich domain is shared between the poreforming family of proteins." Mpg-l does not have an EGFtype domain. A statistically significant ancestral relationship between Mpg-I and the MAC complement proteins could not be established using global homology analysis. Thus, Mpg-l appears to share a stronger sequence similarity to perforin than to other members of the pore-forming family. Mpg-l. however, lacks the Leu-Pro dipeptide that has been determined to be necessary for helix formation in the poreforming protein family, although other nonrelated proteins capable of forming amphipathic helices do not require this dipeptide sequence."' Direct experimental evidence is required, however, to assess whether Mpg-l is capable of forming an amphipathic helical structure. The Mpg-l protein has a cysteine-rich cluster spanning residues 357 to 581, which suggests that it may be able to undergo extensive crosslinking of sulfhydryl groups. Although there is no homology between this region and the cysteine-rich, EGF-type domains of perforin and MAC proteins, it is interesting to note that all have cysteine-rich domains in correspondingly similar positions within the molecule.
Taking all into consideration and due to the limited range of homology between Mpg-l and perforin, a role for this protein in macrophage-mediated cytotoxicity remains speculative. The degree of amino acid conservation between human and murine Mpg-I is high, suggesting that the role of this protein may be of some importance. In conclusion, Mpg-I is a novel gene that appears to be normally expressed almost exclusively in differentiated myelomonocytic cells and may provide a means of investigating lineage-specific gene regulation. Future study will involve characterization of the promoter elements and the role of the protein within macrophages.
